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ABSTRACT:  
 
Purpose. To compare the accuracy and verify the reliability of different commercial and 
experimental prototypes of aberrometer, on a small group of subjects. 
Methods. Three different devices were used to measure the wavefront aberration of five eyes: 
ZywaveTM, commercial aberrometer based on a Hartmann-Shack wavefront sensor, H-S; TraceyTM, 
commercial, based on the laser ray tracing, LRT, principle, and a laboratory experimental LRT 
working as a dual aberrometer at two different wavelengths (green, 532 nm and IR 786 nm). Four 
series of five measurements, corresponding to the different devices and wavelengths, were taken for 
each subject. The pupil diameter and alignment were carefully controlled. All the wave aberration 
maps were reduced to a common 6.5 mm pupil diameter, and then the mean and standard deviation 
were computed for the different series, as well as the global average and global standard deviation 
for each subject, grouping all the data obtained with the different devices. 
Results. Despite several important differences among devices and sessions, the results obtained 
with the different devices are equivalent. The main difference found between aberrometers was due 
to the longitudinal chromatic aberration, which makes that the defocus term changes with the 
measuring wavelength. The signal-to-noise ratio estimated from the raw data is moderated, SNR ≈ 
12, but it can be improved by a factor of 2 by taking 5 measurements, and averaging 3, after 
discarding the 2 with a higher deviation from the mean, that is the approach implemented in 
ZywaveTM.   
Conclusions. These results suggest that the aberrometers tested are highly reliable. Aberrometry is 
a robust but noise technique. Accuracy is limited by noise and other sources of variability, and one 
critical parameter is the size and alignment of the pupil. These results are consistent with previous 
studies on experimental laboratory prototypes. All the subjects in this study have aberrations within 
a normal range, and these conclusions could not apply to eyes having much larger aberrations. 
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1. INTRODUCTION 
Aberrometry is becoming an important technique to assess the optical quality of the eye both in the 
basic research laboratory and in the clinic. In particular it is becoming essential in refractive 
surgery, especially in customized treatments. The success of custom ablations relies on the 
precision and reliability of the whole process, which includes the measurement of optical 
aberrations. The number of both basic 1,2,3,4 and clinical 5,6,7 studies of the ocular aberrations has 
been growing exponentially in the last years. There are different types of aberrometers, for example 
the Hartmann-Shack wavefront sensor (H-S)8, the Laser Ray Tracing (LRT)9, the Tcherning type10, 
or the psychophysical method11, and for most of them there are commercially available systems. 
The performance of several of these methods has been studied in laboratory experimental 
prototypes12, 13, 14 and their reliability has been demonstrated also through cross-validation in both 
artificial and real eyes15, 13, 16. All these experimental studies have been made under the well-
controlled conditions of the optical laboratory, and with a careful data analysis. However, much less 
work has been done with commercial systems working within the environment of an ophthalmology 
clinic. 
Our purpose in this work was to compare different systems of both types: commercial devices 
working in the clinic, and experimental prototypes working in the optics laboratory, to study their 
accuracy and reliability. There are several reasons why we think that this type of validation studies 
is necessary. On the one hand, many clinicians report the experience that different aberrometers 
give different measurements on the same eye, which seems contradictory with published studies 
carried out with experimental systems in the laboratory. On the other hand, commercial 
aberrometers cannot be used as a reference in general, because many important features, including 
data processing, are not available to the researcher, so that the only way to know whether the 
system is working properly is through calibrations or direct comparisons to a reference. 
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To this aim we have chosen two commercial aberrometers, which represent two totally different 
methods, the H-S Zywave (Bausch & Lomb) and the LRT Tracey (Tracey Technologies), and 
both are compared to our laboratory LRT dual prototype, working either in green or infrared light. 
The results obtained suggest that the aberrometers studied provide highly reliable measurements 
with a reasonable accuracy, when the data are processed and interpreted carefully. 
 
2. MATERIALS AND METHODS 
Series of measurements of optical aberrations were taken in a group of five volunteer subjects in 
two different sessions, in different places and dates. Series of four or five measurements for each of 
the two commercial aberrometers (Zywave and Tracey) were taken at the ophthalmology clinic 
RealVision in Madrid in one single session, whereas two series of five measurements corresponding 
to green and infrared light were taken with the laboratory experimental LRT at the University of 
Zaragoza in a different day. 
 
2.1. Apparatus. 
The main features of the commercial aberrometers are the following:  
ZYWAVE 
This is a Hartmann-Shack wavefront sensor working in the infrared (λ = 785 nm). The operation 
principle has been described before1. In this aberrometer, the pupil is sampled through a lenslet 
square array having a fixed pitch, so that the number of spots (samples) depends on the pupil 
diameter chosen. The data analysis considers a Zernike polynomial up to 5th order17. Two 
distinctive features are that defocus is previously determined by a throughfocus scan, and the 
aberration measurements are taken at the best image plane. In addition, each run consists of 5 
measurements. The system computes the average of the 3 better measurements after rejecting the 
two measurements with a higher deviation from the mean.          
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TRACEY 
This system is based on the LRT principle9, 13, and works with red light (λ = 632 nm). Here, the 
pupil is sampled by a narrow beam, which is guided by means of an acoustooptic deflector. 
Contrarily to the previous device, the number of samples (rays) is 91 in a hexapolar grid, that is 
considerably higher. This number is kept constant, by scaling the pitch according to the pupil size. 
It also uses more Zernike polynomials, up to 6th order, to fit the data. The whole measurement takes 
a few miliseconds.    
 
Experimental LRT 
The laboratory experimental LRT system has been described before13. The current version is similar 
to that used in reference 7, but includes several improvements and new features. Now the system 
has a second CCD camera taking the image of the corneal reflex of the ray, simultaneously to the 
recording of the retinal spot with the first camera, so that we can measure the real position of the ray 
at the pupil plane. In addition, it can work with two wavelengths. In this study these were green (λ 
= 532 nm) and infrared (λ = 786 nm). The number of samples (rays) was kept constant, 37 in a 
hexagonal grid, although both the number and pattern are freely programmable. The number of 
Zernike polynomials is programmable, too. We typically use up to 7th order or less (5th or 6th). In 
this study, we use up to 5th order to allow a direct comparison with the other aberrometers. The 
linearity and accuracy of the system has been verified previously for second order aberrations using 
an artificial eye and a set of trial lenses. Maximum differences between measured and nominal 
dioptres were less or equal to 3%. 
2.2. Subjects. 
Five subjects gave their consent to participate in this study, two females (EG and VL, age 28) and 
three males (FP, PR and RN, ages 28, 26 and 46). All of them had healthy eyes, with refractive 
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errors ranging from –5.25 to 0 sphere and –0.12 to –1.87 cylinder. Subjects’ pupils were dilated by 
instillation of 2 drops of tropicamide 1%; the second drop, 5 minutes after the first one. The 
measurements, made on the right eye of each subject, started 30 minutes after the first drop. Each 
session (including 4 or 5 runs and two aberrometers) lasted about half and hour per subject. No 
refractive compensation was applied to any subject, except for the Zywave aberrometer, which 
measures and compensates automatically spherical refraction errors before taking aberration 
measurement. Thus, this system does not allow the user to take measurements without 
compensation. We tried to be especially careful aligning the subject pupil, since aberrations change 
critically with size and position of the measuring pupil, that is the effectively sampled part of the 
pupil. Thus, we also used measuring pupils greater or equal than 6.5 mm.  
 
2.3. Data analysis 
For all the aberrometers tested, all the Zernike coefficients were transformed to the standard form 
recommended by the Optical Society of America17. In addition, the data of the different 
aberrometers, which often corresponded to different pupil sizes, were converted to the same 
(minimum) 6.5mm pupil size, using Schwiegerling’s method18. The series of 5 (4 in the case of 
Zywave) measurements, corresponding to each subject and aberrometer, were analysed obtaining 
for each measurement the wavefront map and the RMS wavefront error. From that, we computed 
the mean wavefront and its standard deviation. For each subject, we also computed the global mean 
and standard deviation, pooling together all the data obtained with the different aberrometers and 
sessions. We also compared the standard deviations of the data for the different aberrometers to the 
global standard deviation. In this way it is possible to know whether the use of different 
aberrometers adds a significant amount of variability. If the standard deviations of each device are 
similar to the global value, this would mean that there are not significant differences between the 
data provided by the different aberrometers. A test of statistical significance was also performed 
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with the same purpose, although the results must be carefully interpreted due to the low number of 
available measurements. 
 
2.4. Pupil registration 
Pupil misalignment could be a potential source of variability in the measurements. Although the 
pupil is carefully aligned before the measurements, we cannot discard the eventual presence of 
slight displacements between different measurements, aberrometers and series, and even within one 
single measurement. As we said before, our experimental LRT system takes simultaneous images of 
the pupil and the retina, so that we can monitor possible eye movements. In this system, each 
measurement takes 1.3 seconds, and we have analysed all the series without finding significant eye 
movements. However, it is difficult to guarantee that the pupil is always perfectly aligned for all the 
different sessions, aberrometers, and the different measurements within the series. In fact, the 
subjects were allowed to rest between measurements, and the pupil had to be realigned every time. 
Thus, we have implemented a wavefront map registration method based on a cross-correlation 
between each map and a reference, given by the average. Registration tends to improve the results, 
providing a lower standard deviation in most cases (average improvement of 18%). However, 
except for LRT, we cannot guarantee that the displacements found by the registration algorithm 
correspond to real pupil movements, or to noise artefacts, or a combination of both of them. 
 
3. RESULTS AND DISCUSSION 
Figs. 1 and 2 show the results obtained for subject RN for qualitative visual analysis. The maps 
represent 3rd and higher order aberrations, that is, excluding first (prism) and second (defocus and 
astigmatism) orders. Fig. 1 compares the series of measurements for the three aberrometers (Tracey,  
left column; LRT IR, middle column; and Zywave, right column). The maps in Figure 2 represent 
the series averages, now also including the fourth method: LRT in green light. In Fig.1, basically 
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similar differences can be observed between the maps along either the horizontal or the vertical 
directions. In other words, it is hard to tell whether two maps were obtained with the same or with a 
different aberrometer. Figure 2 further confirms that differences between the series average of each 
aberrometer is similar to the differences that we observe within a series. It is important to remark 
the high similitude between the results, no matter the method used (LRT or H-S), the different 
session and day, commercial or experimental device, or even the different wavelengths used (532, 
632 or 786 nm).  
For a more quantitative analysis, Table 1 shows the RMS wavefront error obtained for each subject 
and device, including the average, for 3rd and higher orders of aberrations. In this Table, we can see 
that the magnitude of aberrations are within a normality range1 for the 5 subjects. The RMS 
wavefront error is about one wavelength (0,5- 0.6 microns) for subjects EG, RN and VL, and there 
are two subjects, FP, and PR with a high optical quality (about half wavelength). These values 
range from normal to high optical quality, and are within the normal measuring range of all these 
devices. Thus the conclusions of this study are limited to normal healthy eyes. In poor quality eyes, 
the results could be different. In fact, some aberrometers could fail with too high aberrations (such 
as keratoconus, etc.). Interestingly, our best quality subject is emmetrope, with about zero spherical 
refraction. The two myope eyes, EG (2 D) and PR (5 D) show different amounts of aberrations: EG 
has the higher (3rd order and higher) aberrations in the group, where PR has a high optical quality, 
not too different from our best subject. ZywaveTM measurements in these two subjects show a slight 
better outcome, which is mainly due to the compensation of spherical refraction done by this 
device. Contrary to other studies3, we do not observe a clear increase in RMS with wavelength, but 
in our case, this potential effect could be masked by additional sources of noise and variability 
between devices.            
Regarding the different systems, we can see that the agreement is generally good, accordingly to the 
similitude of the maps in Figs. 1 and 2. Therefore, from the above analysis of the Figures, we can 
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conclude that the different methods and devices studied are robust and provide highly consistent 
and reliable results, at least for normal subjects, including moderate myopes. However, it is also 
important to say that this close agreement is only possible by taking especial care to control both 
pupil size and alignment, because the wave aberration can change dramatically by even a slight 
change of the measuring pupil area. 
To study the accuracy achieved in the measurements, we have computed the standard deviation (or 
RMS measurement error) for each series (see Table 1). However it is more interesting to use the 
percentage of relative error, ε(%), as an accuracy metric, which also permits to compare among 
different subjects with different amounts of aberrations and ametropia: 
 
          (1)   ( )
W
W∆= 100%ε
 
where       is the RMS of the series average wavefront, and          is the standard deviation. 
The relative measurement errors corresponding to the different series, for all subjects and devices, 
are displayed in Figure 3, for the overall wavefront (that is including second order aberrations). The 
Figure also includes the relative global error, when we group all the data of the different 
aberrometers.  We can see that this global relative error (“all”, dotted bar) is significantly higher 
than the errors for the different aberrometers, but this is due to the chromatic aberration. The 
chromatic difference of focus between 532 nm to 786 nm (the two extreme wavelengths used) is of 
almost 1 D. Chromatic aberration makes that the relative error appears to be higher for the 
emetropic, high quality eye FP, whereas is minimum for PR, that is the more myopic eye. The 
average global relative error is higher when we only consider 3rd order and higher aberrations, 
excluding defocus and astigmatism, which is the usual way to show the wavefront error in 
aberrometry. Typically, relative error range from 10% to 25%, being even higher (38%) for subjects 
EG and PR when measured without spherical correction. 
W ∆W
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If now we compare the average variability of the aberration maps, we get an average increase of 
38% in the standard deviation, which was the effect of pooling together all the series corresponding 
to the different aberrometers. In other words, from all possible sources of noise and variability, the 
change of device introduces an additional variability that is about 1/3 of the noise level. Depending 
on the subject, the differences between devices are not or barely statistically significant, since the 
variability provided by each device is of the same order of magnitude as the global variability. At 
this point it is important to remark that the global standard deviation is increased by several sources 
of variability, which were not neutralized on purpose: Apart from different sessions in different 
days and places, the use of tropicamide makes that the subject still has a considerable residual 
accommodation, and its effect could be different in the different devices having different 
accommodation targets. Other additional sources of variability are: Defocus was compensated only 
in one device (Zywave); different measuring wavelengths; small but different residual pupil 
missalignements; different experimenter skills in the clinic and in the lab; and finally subject 
cooperation (results were clearly better for our most experienced subject, RN).    
If we analyse the different aberrometers, we see that the relative error is typically below 10%, and 
often below 5%. The average among subjects of relative errors is about 9% in all cases except for 
the Zywave aberrometer, that shows almost half, 5.75 %, error. However, this difference has a 
simple explanation: Contrarily to the other systems, each run of the Zywave aberrometer consists 
of several measurements divided in two parts. In the first step, the system makes a throughfocus 
scan to find the best image plane (zero spherical refraction). The second step consists of taking five 
measurements at this best image plane. Finally, the system computes the average of the three better 
measurements after rejecting the two measurements with a higher deviation from the mean, which 
strongly reduces the standard deviation. In theory, for Gaussian noise, by taking five measurements 
one should be able to improve the SNR by about 5 , which explains the lower relative error 
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(5.75%) obtained by applying that procedure. It is important to remark, that in the three other 
aberrometers, each run consisted of a single measurement with the naked eye, that is, without any 
refractive compensation. In order to analyse the effect of the strategy implemented in Zywave, we 
have computed again the relative errors of the other aberrometers after discarding the two 
measurements with a higher deviation. In this way, we obtain a clear improvement, and now the 
relative errors are similar to those of Zywave data. Now the minimum error, 4.9% corresponds to 
Tracey, and the maximum error 6.8% to LRT IR, although these differences are small and not 
statistically significant. 
If we now compute the inverse of the quotient in Eq. 1, we obtain an estimate of the signal-to-noise 
ratio (SNR). The SNR of the raw data provided by these aberrometers is typical better than 10. The 
accuracy is limited by several potential sources of noise, such as alignment errors, fluctuations of 
residual accommodation, speckle noise, numerical errors in the centroid computation, etc. However, 
like in most types of measurement affected by random noise, the SNR can be improved 
significantly by averaging measurements, after discarding those having a high deviation from the 
mean. Applying this strategy, Zywave provided an almost double accuracy (SNR=17). 
Furthermore, when we apply this procedure to the other aberrometers, we obtain similar SNR 
(ranging from 15 to 20). 
 
4. CONCLUSION 
In conclusion, we have obtained equivalent results (aberration maps) with all the aberrometers, 
except for the defocus term that is affected by the longitudinal chromatic aberration due to the use 
of different wavelengths. The accuracy, measured in terms of SNR or relative error, was moderate 
(SNR about 10) and totally equivalent in all devices, when considering the same number of 
measurements and analysis. This equivalence was obtained despite the important differences among 
methods, sessions, refractive compensation or not, wavelengths, and even large differences in the 
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number of pupil samples (from 37 in experimental LRT to 91 in Tracey). This suggests that none 
of these variables is critical, except pupil size and alignment, which guarantees that aberrometry is 
highly robust and reliable in general. However, we want to remark that the subjects in this study 
have normal eyes, and the range of myopia considered was from low to moderate. Thus, this 
equivalence could possibly break in eyes with large aberrations, where H-S aberrometers could 
present saturation problems13.  
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 TABLE 1. - Root mean square (RMS) wavefront error, for 3rd order and higher abaerrations, for the 
different devices and subjects: The global average over all devices is also included. 
 
 EG FP PR RN VL 
LRT Green 0.843 ± 0.102 0.268 ± 0.036 0.654 ± 0.151 0.496 ± 0.028  
Tracey 0.720 ± 0.127 0.291 ± 0.053 0.324 ± 0.033 0.521 ± 0.012  0.512 ± 0.031
LRT IR 0.653 ± 0.038 0.252 ± 0.016 0.369 ± 0.068 0.513 ± 0.012  0.551 ± 0.029
Zywave 0.708 ± 0.014 0.270 ± 0.034 0.447 ± 0.014 0.519 ± 0.013 0.599 ± 0.056
All 0.732 ± 0.108 0.270 ± 0.037 0.449 ± 0.155 0.512 ± 0.019 0.551 ± 0.051
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FIGURE CAPTIONS 
 
Figure 1. – Wavefront maps for 3rd and higher order aberrations, obtained for subject RN, for the 
three aberrometers Tracey (left column), LRT IR (middle) and Zywave (right). 
Figure 2. – Average wavefront maps for 3rd and higher order aberrations, for the four series of 
measurements corresponding the different devices. Subject RN. 
Figure 3. - Relative measurement errors for all subjects and devices for the overall wavefront, that 
is including second order aberrations. ‘All’ refers to the result of grouping all the series 
corresponding to the different aberrometers. For subject VL we could not take measurements in 
green light. 
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